The mechanical properties of skin are important tissue parameters that are useful for understanding skin patho-physiology, which can aid disease diagnosis and treatment. This paper presents an innovative method that employs phase-sensitive spectral-domain optical coherence tomography (PhS-OCT) to characterize the biomechanical properties of skin by measuring surface waves induced by short impulses from a home-made shaker. Experiments are carried out on single and double-layer agar-agar phantoms, of different concentrations and thickness, and on in vivo human skin, at the forearm and the palm. For each experiment, the surface wave phase-velocity dispersion curves were calculated, from which the elasticity of each layer of the sample was determined. It is demonstrated that the experimental results agree well with previous work. This study provides a novel combination of PhS-OCT technology with a simple and an inexpensive mechanical impulse surface wave stimulation that can be used to non-invasively evaluate the mechanical properties of skin in vivo, and may offer potential use in clinical situations.
INTRODUCTION
The mechanical properties of skin are important tissue parameters useful for understanding skin pathophysiology, which can aid medical diagnosis and treatment, e.g. scleroderma and skin cancer [1 -3] . Most skin pathologies result in changes of their elastic properties and/or thickness. The diagnosis of skin cancer is commonly detected by the changes in stiffness of the tumour compared with its surrounding tissue, such as an increase in the Young modulus of squamous cell carcinomas and malignant melanomas and a decrease in the Young modulus of basal cell carcinomas [4, 5] . Therefore, the evaluation of the elastic properties of skin tissues is important for the early diagnosis and the treatment of many skin diseases.
Currently, most skin diseases are diagnosed qualitatively based on a visual inspection and/or palpation by a dermatologist who has significant training and clinical experience in the field. During manual palpation, pathological tissue regions can be identified by having a different strain response to an imposed stress compared with its surrounding healthy tissue. The magnitude of the strain response depends on the nature of the pathology [6] . This method of diagnosis has high variability among dermatologists; therefore, a fast, inexpensive and non-invasive technique capable of analysing and quantifying skin mechanical properties is in demand.
There are several methods that have been developed to measure in vivo the mechanical properties of soft tissues in recent years. Magnetic resonance elastography and ultrasound elastography have been used to measure the shear wave dispersion induced by a shaker [3, 7, 8] . Although these methods track the shear wave propagation inside the tissue to determine the elastic properties, they offer limited spatial resolution for detecting small lesions. Optical methods are attractive in evaluating the skin mechanical properties because they can provide information, both quantitatively and qualitatively. Optical coherence elastography (OCE) has been proposed for dermatological applications and explored by a number of research groups based on speckle tracking [9] [10] [11] [12] and Doppler shift between A-scans [13] [14] [15] . In vivo OCE was first preformed in multiple skin sites of human subjects by Kennedy et al. [16] . They presented a dynamic OCE system for mapping the strain of skin, which was induced by a ring actuator [16] . Recently, this method was further developed into an in vivo three-dimensional OCE imaging system to evaluate normal and hydrated skin [17] . Liang et al. [18] employed three-dimensional multi-photon microscopy to detect the biomechanical properties of in vivo human skin at the cellular level. In addition, Grimwood et al. [19] presented a technique for generating contrast in two-dimensional shear strain elastograms from a localized stress, by generating a non-uniform, localized stress via a magnetically actuated implant. These quantitative methods provide tissue images that enable healthy tissues to be distinguished from diseased tissues. Liang & Boppart [20] introduced a method of using OCE for measuring a continuous wave (CW) excited by an external shaker, from which they were able to quantify the elastic properties of human skin in vivo. In their study, different driven frequencies were used to determine the Young modulus from different layers of a specimen. Qiang et al. [21] used a laser displacement sensor to measure surface waves generated by an impulse stimulation, and calculated the phase velocity of these waves, for which the mechanical properties were derived. A previous study from our group explored a method that combined laser ultrasonics and low-coherence interferometry to evaluate single-and double-layer soft tissue mimicking phantoms [22] . By calculating and analysing the phasevelocity curve from a laser-induced surface acoustic wave (SAW), we were able to determine the Young modulus from different layers of a phantom. These results demonstrate that the impulse response approach is faster and more accurate than the CW method. The impulse-stimulated wave propagates on the surface of the sample. This wave is rich in frequency content, which enables the determination of the mechanical properties of different skin layers within a single measurement and analysis. Previous studies [21, 22] have suggested that measuring surface waves with both a laser displacement sensor and low-coherence interferometry is highly sensitive to the shape of the tissue surface. Therefore, it has been difficult to determine the skin properties because the skin is rough, and has curvatures [21] . Also, it is difficult to obtain a detecting position containing a high signal-to-noise ratio (SNR). This paper proposes a novel combination of an impulse-stimulated surface wave with a phase-sensitive optical coherence tomography (PhS-OCT) system that can be used to evaluate the mechanical properties of skin. In this study, an inexpensive home-made shaker was used to generate the impulse stimulations, which produced the surface waves from the tissue-mimicking phantoms and from in vivo human skin. As opposed to using a short laser pulse [22] , the shaker is a costeffective, safe and portable method to induce surface waves. Phantoms were made out of different concentrations of agar solution and different layer thickness to simulate the elastic properties typically found in skin. The generated surface waves from the skin and phantom were detected by a PhS-OCT system. Dispersion phase-velocity curves were calculated to obtain the elastic properties from well-defined layers that exhibit different mechanical properties.
BRIEF THEORETICAL BACKGROUND
When a material is stimulated with an impulse, mechanical pressure waves are generated, which propagate within the material. Among these waves, surface waves, which are dominated by Rayleigh waves, have been widely used to characterize the elastic properties of different kinds of materials [23] [24] [25] [26] . The propagation of surface waves in a heterogeneous medium (i.e. layered materials) show a dispersive behaviour [27] , where the different frequency components have different phase velocities. The phase velocity at each frequency is dependent on the elastic and geometric properties of the material at different depths [27] . In isotropic homogeneous materials, the surface wave phase velocity can be approximated as [27] [28] [29] [30] :
where E is the Young modulus, n is the Poisson's ratio and r is the density of the material. For a multi-layer medium, in which each layer has different elastic properties, the phase velocity of the surface wave is influenced by the mechanical properties of all the layers it penetrates. The elastic properties that affect the phase-velocity dispersion curve include not only the Young modulus, the Poisson's ratio and the density of each layer, but also the thickness of each layer. The surface waves with shorter wavelengths (higher frequency) penetrate shallow depths with the phase velocity depending on the superficial layers. The surface waves with longer wavelengths (lower frequency) penetrate deeper into the material, and the phase velocity tends to be mostly influenced by the elastic properties of the deeper layers.
In general, the maximum frequency of a surface wave signal is related to the phase velocity of the material [31] :
where r 0 is the radius of the stimulator and C R is the velocity of the Rayleigh wave. A property of surface waves is that the depth of the wave motion is proportional to the wavelength. The probing depth can be estimated by the following relation [32] :
where f is the corresponding frequency content.
SYSTEM CONFIGURATION AND SAMPLE PREPARATION
The system set-up for generation and detection of shaker-induced surface waves in soft tissue is shown in figure 1 .
Surface wave generation induced by a shaker
A home-made shaker was used as the mechanical impulse stimulator, which included a signal generator, and a single-element piezoelectric ceramic with a metal rod (length of approx. 20 mm and diameter of approx. 2 mm) connected in the end as the shaker head. To stimulate the surface wave on the sample surface, the metal rod was directly in touch with the sample to transmit the vibration from the piezoelectric ceramic. The stimulus was applied with an approximately 458 angle over the tissue surface, which provided equal longitudinal and shear energy to the sample. Compared with a point and a round source, the line source (provided by the metal rod) improved the SNR, and reduced the attenuation of the surface wave, which enabled the surface wave to propagate longer distances [33] [34] [35] . The shaker applied a tissue displacement of approximately 100 nm in the axial direction. The tissue displacement was proportional to the surface wave amplitude; however, the shape and the velocity remained constant. The frequency range of the surface waves was determined by using equation (2.2). In our previous study, it was demonstrated that the phase velocity for an approximately 3.5 per cent single-layer agar phantom is approximately 13 m s
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; which contains a maximum frequency component of approximately 10 kHz [36] . To analyse all the frequencies from the surface waves, the shaker is required to generate a pulse with a short duration, and the detector is required to sample at more than twice the maximum frequency component to meet the Nyquist-Shannon sampling theorem. For this study, we used an external trigger to control the shaker, which generated pulses of approximately 20 Hz with an approximately 0.2 per cent duty cycle; producing frequencies up to approximately 10 kHz. The sampling rate of the PhS-OCT system was determined by the InGaAs line scan camera (shown in figure 1 ), which was approximately 47 kHz (greater than the 20 kHz required by the Nyquist-Shannon theorem).
Detection of surface wave by phase-sensitive optical coherence tomography
Detection of the shaker-induced surface wave was performed using a PhS-OCT system. The OCT imaging system can provide the structural image of the samples as a function of depth, i.e. the thickness of each layer. This system allows imaging of the tissue inner layer structures as well as providing the elastic properties of the tissue simultaneously. The PhS-OCT system employed a spectral-domain OCT (SD-OCT) system [36] with a centre wavelength of approximately 1310 nm and a bandwidth of approximately 46 nm from a superluminecent diode (SLD, DenseLight Semiconductors Ltd) as the light source. It provided an axial resolution of approximately 15 mm in air (approx. 10 mm within the skin, assuming the refractive index is approx. 1.4). Via an optical circulator, the light from the SLD broadband light source was split into two paths in a 50/50 fibre-based Michelson interferometer. One beam was coupled onto a stationary reference mirror and the second was focused onto the sample via an objective lens. The focal length of the objective lens was approximately 50 mm to provide a transverse resolution of approximately 18 mm.
The coupler recombined the backscattered light from the sample arm and the reflected light from the reference arm into a home-made, high-speed spectrometer via the optical circulator. The interference light was then coupled into a fast spectrometer equipped with a 14-bit, 1024 pixel InGaAs line scan camera with a maximum acquisition rate of approximately 47 kHz. A computer was used to synchronously control the acquisition of the camera and the impulse excitation of the shaker. In this study, we triggered the shaker and camera at the same time.
At each detection location, we acquired 4000-lines over time at a sampling frequency of 47 kHz, also known as an M-mode acquisition. Since the shaker stimulus had a frequency of approximately 20 Hz, the system was able to detect two phase changes (bottom line in figure 2b ) with a time gap of approximately 50 ms. An example of the M-mode image of a phantom obtained with the OCT system can be observed in figure 2a. Figure 2b shows the phase change observed at the surface of the sample from a typical 1 per cent agar phantom (arrow in figure 2a) .
To determine the system noise, we collected data from the stage surface when no sample was present (figure 2c). The system noise detected from the Determining elastic properties of skin C. Li et al. 833
sample stage was much lower than the detected surface wave signal; and its frequency contribution was negligible as observed in figure 2d. The measured SNR at a 0.5 mm axial depth position was approximately 100 dB [13, 36] . To calculate the dispersion curves of the shakerinduced surface waves, several detecting locations with known separations are required. The shaker head needs to be in contact with the sample surface to generate the surface waves. To maintain the stability of the generated surface waves, we mounted the shaker and the sample (shown in figure 1 ) on a translation stage. During the experiment, we moved the PhS-OCT sample beam to different detecting locations, while maintaining the shaker head at a fixed location.
Surface wave displacements were calculated using:
where Dw is the detected phase change, l is the central wavelength of the PhS-OCT system (1310 nm) and n is the index of refraction of the sample (approx. 1.35).
Sample preparation
Seven single-and double-layer agar-agar phantoms were prepared, to simulate soft tissues ( double-layer phantoms, an approximately 1 mm and an approximately 2 mm upper layer thickness were produced to study the influence of the top layer thickness over the phase-velocity curve. The single-layer phantom and the bottom layer of the double-layer phantom had a thickness of approximately 10 mm, which was considered semi-infinite for this application and should not affect the results. To improve the scattering coefficient of the tissue-mimicking phantoms, several drops of milk were mixed with the agar solution.
In vivo experiments were carried on five healthy human volunteers with an age span between 25 and 45 years old. The in vivo experiments were undertaken under room temperature and humidity. Measurements were obtained from two skin sites, the forearm and the palm.
SIGNAL PROCESSING OF SURFACE WAVE PHASE-VELOCITY DISPERSION CURVE
The surface wave signals were recorded on each sample surface at different spatial locations with the same step length. For each location on the sample surface, six measurements were made and their average was highpass filtered to reduce the DC noise. The signal's noise was minimized by using a Hilbert-Huang method that reduces the high-frequency random noise [40] . The phase-velocity dispersion curve between two measured surface wave signals, y 1 (t) and y 2 (t) corresponding to locations x 1 and x 2 , respectively, was analysed. The typical y(t) is observed in figures 3, 6, 9 and 10. The phase difference Dw between the surface wave signals y 1 (t) and y 2 (t) was calculated by determining the phase of the cross-power spectrum Y 12 ( f ):
where Y 1 ( f ) and Y 2 ( f ) are the Fourier transformations of y 1 (t) and y 2 (t), A 1 and A 2 are the amplitude of crosspower spectrum, and Dw ¼ w 1 2 w 2 is the phase difference of the measured signals y 1 (t) and y 2 (t), respectively. When the propagation wave has a wavelength equal to the distance Dx, the measured phase difference is 2p. In general, the ratio between the phase difference and 2p equals to the ratio of the detection distance and the wavelength:
Also, the phase velocity and frequency are related by:
Both the autocorrelation spectrum and the phasevelocity dispersion curves are the key parameters for our analyses, as the former provides the available frequency range of the signals, while the latter provides the elastic and structural information of the samples. The cut-off frequency for the surface waves has been defined at 220 dB from the maximum of the autocorrelation spectrum, where the uncertainty of the dispersion curves are increased [32] .The final phase-velocity dispersion curve was determined by averaging all the phase velocities between two detection points. Figure 3 shows the typical surface waves recorded from a single-layer 2 per cent phantom. The PhS-OCT sample beam was located at 1, 2, 3, 4, 5 and 6 mm away from the shaker head. Figure 3 demonstrates that the surface wave is moving away from the shaker-excitation position because the arrival time of the surface wave is longer as the detector is located farther away (diagonal line in figure 3 ). Since the sample was a single-layer homogeneous phantom, no velocity-dispersion was found in the detected waveforms. However, the waveform was attenuated with increasing distance from the shaker. Although there were two surface waves detected at each position in the experiment, since the shaker applies two pulses per experiment, only the results from the first surface wave are presented. Similar results were obtained from the second surface wave.
EXPERIMENTAL RESULTS

Surface waves on single-layer phantoms
The averaged phase-velocity dispersion curves of all single-layer phantoms are plotted in figure 4. All the curves exhibit a constant value for all frequencies, which is expected for a single-layer homogeneous sample. The average phase velocities measured from the curves were approximately 12. Determining elastic properties of skin C. Li et al. 835
of agar exhibits higher phase velocity owing to its higher Young's modulus. In addition, the maximum frequency content of the shaker-generated surface waves was increased with increase in agar concentration. The cut-off frequency was selected when the intensity of the power spectrum dropped 20 dB below its maximum. Thus, the maximum frequency content for the 1, 2 and 3 per cent phantoms was approximately 4, 5.5 and 8.3 kHz, respectively. These values were lower than the theoretical maximum frequency content calculated from equation (2.2) (approx. 4.37, 6.5 and 9.5 kHz for the 1%, 2% and 3%, respectively) because the maximum frequency content might exceed 220 dB cut-off of the power spectrum.
In figure 5 , we observe the phase velocity as a function of the agar concentration. We also included two data points from our prior publication [22] , which uses laserinduced SAW instead of the shaker ( pointed by arrow). The phase velocity of each agar sample increased linearly with increase in the agar concentration. Figure 6 shows the typical surface waves obtained from double-layer agar -agar phantom, with 2 per cent agar as the substrate layer and 1 per cent agar as the superficial layer with a thickness of 1 mm. The detecting points were varied from 1 to 6 mm away from the shaker in 1 mm increments. As the wave propagates along the surface of the phantom, the wave disperses owing to the heterogeneous environment.
Surface waves on double-layer phantoms
The phase-velocity dispersion curves of the four double-layer phantoms are presented in figure 7 . It can be observed that the phase-velocity dispersion curves are not constant for all frequencies. The initial phase velocity of these double-layer phantoms has a value of approximately 7.5 m s
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, which matches the value from the single-layer 2 per cent phantom. This is expected since all the double-layer phantoms have a 2 per cent agar phantom as the substrate. However, as the frequency increases, the phase velocity changes The frequency, at which the phase velocity changed, is dependent on the thickness of the superficial layer. Thicker layers change the phase velocity at lower frequencies. The 2 mm top layer phantom saturates at frequencies greater than approximately 1.5 kHz, while the 1 mm top layer phantoms saturates at approximately 2.2 -2.8 kHz. Notice that the 2 mm 3 per cent agar layer on 2 per cent agar phantom was noisier than the other three curves. We believe this was because the scattering coefficient in that phantom was lower than the other phantoms (fewer drops of milk were added into the agar solution), which would lead to weaker OCT signal values, and thus higher inaccuracy in the phase estimation [20, 36] .
Surface waves on in vivo human skin
Mechanical properties of human skin
Skin can be roughly classified into three distinct layers: the epidermis, dermis and subcutaneous fat [37] . The epidermis layer is the most superficial layer, has a thickness of approximately 0.1 mm [37] , and has the highest Young modulus (approx. 1 MPa) compared with the other skin layers [38] . The thickness of the dermis layer is about approximately 1 mm and its Young's modulus is much lower compared with the epidermis (from approx. 88 to 300 kPa) [1, 20, 39] . The subcutaneous fat layer is the deepest skin layer with the Determining elastic properties of skin C. Li et al. 837 largest thickness (above 1.2 mm) and the lowest stiffness (around 34 kPa) [37, 39] among all the skin layers.
Measurements and results
The measurement set-up and the analysis procedures were the same as described for the phantom experiments. Figure 8 shows a photograph taken when the measurement was done on the skin of a human forearm. The subjects were asked to keep the arm ( palm) stable during the six measurements (6 Â 85 ms). A full experiment lasted less than 5 min. The shaker head was gently pressed over the skin, and no discomfort was felt by the subject. Figures 9 and 10 show the typical surface wave from in vivo human skin for the forearm and palm, respectively. The detection points were varied from 2 to 12 mm away from the shaker head in 2 mm increments. The surface wave signal on the human skin attenuated faster than in the phantoms, which may be due to the high viscosity and the influence of the micro-vasculature under the skin.
The phase-velocity dispersion curves of the palm and forearm from one subject are plotted in figure 11 . Note that the phase-velocity curves begin from approximately 1 kHz in human skin studies compared with approximately 0.1 kHz in the phantom studies. This is because the human subjects are less stable than the phantoms, resulting in higher noise at lower frequencies. Based on the 220 dB rule mentioned in §4, the cut-off frequency was set at approximately 1 kHz. The value of the phase velocity in the low frequency for both the palm and the forearm is similar. At 1 kHz, the phase velocity represents the subcutaneous fat layer, with a value of approximately 4 m s figure 11 ). The plateau value was selected when the value of the phase-velocity curve reached 95 per cent of the maximum value after smoothing the curve. These values indicate that the Young modulus of the dermis of the palm is higher than that of the forearm, and the palm dermis layer is thicker than that of the forearm owing to the phase-velocity curve reaching saturation at a lower frequency.
The phase-velocity curve shows that the skin model is similar to the double-layer phantom with 1 mm 3 per cent agar layer on top of the 2 per cent agar phantom. Although, our system cannot obtain the Young modulus of the epidermis, because a high surface wave frequency content is required to measure superficial and thin layers, this study is important since most skin diseases are related to the mechanical properties of the dermis layer. We estimate that to measure the mechanical properties of the epidermis, the shaker pulse will require a frequency of 20 kHz, and the PhS-OCT system will require a sampling rate of approximately 100 kHz, which is higher than the current system (approx. 47 kHz).
From the experiments above, the measured phase velocities for the palm and forearm skin of all the five subjects are summarized in table 2. To calculate the Young modulus, we chose the phase-velocity value at 1 kHz for the fat layer, and the phase velocity of the plateau for the dermis layer. Based on previous studies, we can assume that the Poisson ratio of the human skin tissue is approximately 0.48. We used approximately 1116 kg m 23 as the dermis density and approximately 971 kg m 23 as the subcutaneous fat density [24] . Therefore, with these measured phase-velocity values, we can calculate the Young modulus according to equation (2.1). The results are in good agreement with the literature [1, 3, 14, 16, 33, 35] . Figure 12 presents the average and standard deviations of the calculated Young modulus from five subjects.
Although the current system is capable of evaluating the Young modulus from different layers of skin, there are some limitations. The skin layer boundaries are not flat surfaces and the tissue microstructures (such as blood vessels) are ignored. Therefore, there is higher uncertainty in distinguishing the frequency contents at each layer in the phase-velocity curve. The Young moduli presented in table 2 are estimates obtained from averaged phase-velocity values, using values for the Poisson ratio and density that were found in the literature. However, the standard deviations of the phase velocities were less than 1 m s 21 and of the Young modulus were less than 2.5 kPa, which is small compared with the expected stiffness changes that are found in skin diseases, e.g. basal cell carcinoma tumours are 3 -50% stiffer compared with healthy skin [4, 16, 41] .
CONCLUSION
We have presented a technique that combines an inexpensive mechanical impulse response with a PhS-OCT detector to characterize the mechanical properties of the tissue-mimicking phantoms and in vivo human skin. We used a home-made shaker with a line shaker head to generate surface waves. By calculating and analysing the phase-velocity curves from the detected surface wave signals, we could evaluate the elastic properties of different layers. We have shown that the experimental results are in good agreement with the literature. This study proves the feasibility of using surface waves for evaluating elastic properties of layered soft solid materials and soft biological tissues. The phantoms and in vivo human skin experiments demonstrate that the surface wave method could be applicable in clinical settings, because the system is sensitive to the elastic and geometry changes of a sample in the axial direction. Since most skin diseases result in changes of the elastic properties and/or thickness of the affected skin layer, this will cause changes to the phase-velocity curve, which can be detected by our system. The current system may have potential in diagnosing diseases of the dermis layer, such as level II skin cancer (including malignant melanoma, squamous cell carcinoma and basal cell carcinoma) and scleroderma.
There are several straightforward studies and developments that would be logical next steps. A higher speed PhS-OCT system is required to obtain the higher frequency content of the shaker-generated Determining elastic properties of skin C. Li et al. 839 surface wave, such that the elasticity information from the epidermis layer of skin can be characterized. Higher data processing speed is also required to provide results in real-time. Such approaches could have several medical applications, such as characterizing the mechanical properties of skin tissues to aid in the early diagnosis and the treatment of skin diseases, e.g. cancer. It will also be beneficial to understand the influence of skin location and hydration in the determination of the tissue mechanical properties.
